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Abstract A study was conducted with the vine
rootstock Richter 110 (Vitis berlandieri Planch. x
Vitis rupestris L.) in order to assess whether the
colonisation by the arbuscular mycorrhizal fungus
(AMF) Glomus intraradices (BEG 72) can delay the
disease development in plants inoculated with the
root-rot fungus Armillaria mellea (Vahl:Fr) Kummer,
and to elucidate if the levels of polyamines (PAs) are
modified in response to G. intraradices, A. mellea or
by the dual infection. Four treatments were consid-
ered: control and G. intraradices-inoculated plants
infected or not with A. mellea. Plant growth,
mycorrhizal colonisation and disease development
were monitored throughout the experiment. High
performance liquid chromatography (HPLC) in com-
bination with fluorescence spectrophotometry was
used to separate and quantify free root and leaf
polyamines. The slower development of pathogenic
symptoms and the higher plant biomass of mycorrhi-
zal plants inoculated with A. mellea indicate an
increase of tolerance due to the AMF inoculation.
The variations in free PA levels detected at the
beginning of the pathogenic infection suggest that
PAs may have a potential role in the signalling
mechanisms of the tolerance of mycorrhizal plants
against A. mellea.
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Introduction
Armillaria mellea (Vahl:Fr.) P. Kummer, is the causal
agent of Armillaria white root rot disease of grape-
vine (Vitis vinifera L.). The fungus infects woody
grapevine roots and the underlying vascular tissues,
resulting in a slow decline and eventual death of the
vine (Agrios 2005; Baumgartner 2004). The control
of A. mellea is difficult because of its high infection
capacity, and its long-term survival in the soil. The
eradication of fungal infection sources from vineyard
soils is not an easy task due to the saprobic behaviour
of the fungus, the presence of rhizomorphs, the
infection of subterranean organs and the mycelium
growth under the bark (Aguín-Casal et al. 2006).
Environmentally based restrictions on pesticides
indicate the need to consider other alternatives of
cultural or biological origin in order to alleviate the
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disease symptoms or to improve productivity of
already infested vineyards (Baumgartner et al. 2005;
Fox 2003). Biological control of A. mellea is also
difficult to implement because the pathogen occupies
a wide space in the soil, and once the plant is infected,
antagonistic microorganisms are usually not able to
eradicate the pathogen; they can only decrease its
colonisation level and limit the pathogen’s food base
(Baumgartner and Warnock 2006; Rishbeth 1976).
It has been observed that grapevines are dependent
on arbuscular mycorrhizal fungi (AMF) (Menge et al.
1983) and several authors have reported beneficial
effects of mycorrhizal inoculation of grapevines
(Aguín et al. 2004; Camprubí et al. 2008; Cheng
and Baumgartner 2006; Karagiannidis et al. 2007;
Nikolaou et al. 2003). Once the symbiosis is
established with the host plant, AMF are able to
confer tolerance against root pathogens (Calvet et al.
1995; Pozo et al. 2002), and it has been observed that
mycorrhizal grapevines are more tolerant to various
root diseases (Li et al. 2006; Waschkies et al. 1994).
Concerning the white root rot disease, Aguín-Casal et
al. (2006) observed that inoculation of vine with the
AMF Glomus aggregatum (Schenck & Smith)
resulted in a reduced disease index of A. mellea in
several vine rootstocks.
Different mechanisms have been shown to play a
role in plant protection by AMF, as improved plant
nutrition, damage compensation, competition for
colonisation sites and photosynthates, changes in the
root system, changes in rhizosphere microbial pop-
ulations and activation of plant defence mechanisms.
It has been observed that several of those mechanisms
can be operative simultaneously (Azcón-Aguilar et al.
2002). In addition, AMF could elicit localized
defence responses in colonised tissues and systemic
responses in non-colonised tissues of mycorrhizal
plants (Azcón-Aguilar et al. 2002; Khaosaad et al.
2007; Liu et al. 2007).
Polyamines (PA) are small polycationic com-
pounds which are ubiquitous in all living organisms
(Alcázar et al. 2003). The most abundant polyamines
in plant tissues are putrescine and spermidine,
whereas spermine is found in lower or even in trace
concentrations. Polyamines are implicated in a variety
of developmental processes in higher plants, and they
also have a significant role in plant defence and
adaptation to various abiotic or biotic stress condi-
tions (Ndayiragije and Lutts 2007; Alcázar et al.
2003; Bouchereau et al. 1999; Kaur-Sawhney et al.
2003; Walters 2000). Polyamines are also implicated
in molecular signalling events in plant pathogen
interactions (Martin-Tanguy 1987; Whipps et al.
1982).
The changes in plant PA metabolism detected
during pathogenic fungal infections also suggest that
they could be involved in other plant-fungal inter-
actions such as the mycorrhizal symbiosis (Ludwig-
Müller 2000). However, few data are available on the
role of PAs in plant microbe symbiosis, especially in
mycorrhizal associations—the sole report that we are
aware of having been the demonstration that exter-
nally applied PAs increased the frequency of AMF
colonisation in pea (El Ghachtouli et al. 1995).
The mechanisms by which PAs affect arbuscular
mycorrhizal symbiosis could be by the involvement in
signalling events in the plant–fungus interaction; by
acting directly on the fungus through the contact
events with host roots or by altering host plant
physiology (e.g. interacting with pectinases) thus
affecting adhesion and/or penetration of the plant cell
wall by the AMF.
It has also been suggested that PAs may be
involved in the acquisition of resistance against plant
pathogens (Angellini et al. 1993; Guo et al. 1999;
Wróbel-Kwiatkowska et al. 2004), but there is no
information available on the implication of PAs in the
mycorrhizal symbiosis induced tolerance against
pathogens.
Therefore, the first objective of this work was to
assess whether AMF can delay the development of
Armillaria white root-rot disease in vine, and the
second one was to know if the levels of main PAs are
modified in response to Glomus intraradices Schenk
& Smith, A. mellea or by the dual infection.
Material and methods
Biological material, growth conditions and
inoculation methods
The study was conducted with the vine rootstock
Richter 110 (Vitis berlandieri Planch. x Vitis rupestris
L.) under greenhouse and shadowhouse conditions.
Richter 110 (R-110) is well adapted to drought and to
the high lime content soils of Eastern Spain, and this
rootstock is known to have a good response to AMF
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colonisation (Camprubí et al. 2008). Hardwood
cuttings, 20–30 cm long were disinfected during
15 min in 0.1% oxyquinoleine sulphate solution and
dipped in the rooting mix Inabarplant IV® (AIB
0.4%, ANA 0.4% and Captan 15%). Cuttings were
planted into Perlite TM rooting beds in a greenhouse
(25–18°C day/night), and watered daily until root
emergency and sprouting (Camprubí et al. 2008).
Six weeks later, homogeneous cuttings were trans-
planted into 2 l containers filled with a pasteurized
mixture of sandy soil, quartz sand and sphagnum peat
substrate (3:2:1 v/v); P content (8 mg/kg). Plants were
divided into two groups of 80 plants each: (1) non
mycorrhizal plants (NM) and (2) mycorrhizal plants
(M) inoculated with G. intraradices, registered in the
European Bank of Glomales as BEG 72. The
inoculum consisted of Allium porrum L. mycorrhizal
roots and fungal propagules in Terragreen (Oil-dri
Company, UK). The concentration was 114 propa-
gules in 100 ml Terragreen, and 20 ml of inoculum
were applied both upon and under the plantlet root
system.
Fourteen week old plants were transplanted into
3.5 l containers filled with the same substrate mixture
and moved to a shadowhouse. Two weeks later, 40 M
and 40 NM plants were inoculated with an isolate of
A. mellea obtained from a naturally infested vineyard
in Vimbodí (Tarragona, Spain). The inoculum was
produced following the method described by
Beckman and Pusey (2001) and consisted of Quercus
suber L. infected acorns, two per plant, introduced
into the soil mixture near the vine roots at 10 cm
deep. Plants were weekly fertilized with 100 ml P
deficient Hoagland nutrient solution, all along the
growing season.
Four sampling dates were established from July to
March 2006, corresponding with 4, 5, 7 and
12 months after AM inoculation and 3 weeks, 2, 3
and 9 months after A. mellea inoculation respectively
(Table 1). The final harvest was made at the end of
the second growing year (October 2006).
Disease assessment and estimation of AMF
colonisation
Disease severity was non-destructively estimated in
12 plants per treatment, during the second growing
season, as percentage of plants showing necrotic
zones in root and root collar. The presence of the
fungus was confirmed by molecular techniques with
specific primers as described by Aguín (2001).
The percentage of AMF root colonisation was
estimated in three plants per treatment at the same
sampling dates as for PA analysis by using the
gridline intersect method (Giovannetti and Mosse
1980). Root samples were stained previously with
the method described by Koske and Gemma (1989).
In July 2006, leaf relative chlorophyll content was
recorded with a chlorophyll meter (Chlorophyll Meter
SPAD 502, Minolta corp. N. J. EUA). Five measure-
ments were done in each of the 12 plants from each of
the four treatments.
At the end of the first growing season (September
2005) and in April, August and October of the second
growing season (2006) plant biomass production
(shoot dry weight) was measured in 12 plants.
Additionally at harvest, in October 2006, the root
biomass (dry weight) was also recorded.
Polyamine analysis
Roots and leaves for PAs analysis were collected,
quickly frozen in liquid nitrogen and stored at −80°C
until analysis. HPLC in combination with fluores-
cence spectrophotometry was used to separate and
quantify PAs (Flores and Galston 1982; Geny et al.
1997). PAs extraction from leaves (1 g) and roots (6–
9 g) samples was done following the Flores and
Table 1 Sampling dates since inoculation of Richter 110 vines with Glomus intraradices and Armillaria mellea
Time since inoculation with G. intraradices (months) Time since inoculation with A. mellea Sampling date
1st sampling 4 3 weeks July 2005
2nd sampling 5 2 months August 2005
3rd sampling 7 3 months September 2005
4th sampling 12 9 months March 2006
Final harvest 18 15 months October 2006
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Galston (1982) method modified by Geny et al.
(1997). Roots were previously homogenized in liquid
nitrogen and macerated in 1N HCl for 48 h. The rest
of the extraction process was done following the same
methodology as for leaf samples.
Results correspond to the mean and standard
deviation from triplicate samples and are expressed
as nanomoles of PA per gram dry matter.
Statistical analysis
A two way analysis of variance (ANOVA) was
performed in order to consider the variance into the
main effects and the interaction between the two
factors. Means±standard errors, SE (n=3 plants per
treatment for polyamines and mycorrhizal colonisa-
tion percentage, and n=12 plants per treatment for
biomass and relative chlorophyll content) were
calculated and, when the F ratio was significant, least
significant differences were analyzed by the Duncan
test. The statistical program used was SAS System for
Windows V.8.0.
Results
Disease assessment and estimation of AM fungal
colonisation
Symptoms of disease in the pathogen-inoculated plants
appeared at the second growing year. Although no
fungal mycelium was visible in necrotic zones, molec-
ular techniques confirmed the presence of A. mellea.
Twelve months after the inoculation with the pathogen
(July 2006), the percentage of NM plants inoculated
with A. mellea and with pathogenic symptoms (collar
root necrosis and root necrosis) doubled the percentage
of M-A. mellea inoculated plants, and whereas 8% of
NM plants already died, none of the plants from the M-
A. mellea inoculated treatment died (Table 2). Three
months later, in October 2006, the percentage of plants
with visible symptoms of disease was slightly higher in
NM plants inoculated with the pathogen, 56% versus
42%. Moreover, 15% of those plants had already died
while all plants survived in the M-A. mellea treatment
(Table 2).
Plants inoculated with A. mellea had a significantly
lower foliar chlorophyll content, although inoculation
with G. intraradices alleviated the decrease attributed
to the pathogenic fungus (Table 2).
No significant differences were detected in shoot
dry matter between treatments at the end of the first
growing year, in September 2005. From May 2006
onwards M plants had significantly higher biomass
records, both shoot and root dry weights (Table 3).
The deleterious effect of A. mellea on shoot dry
matter was not detected until August 2006. From
August to October 2006, the growth decrease due to
the pathogenic infection was lower in mycorrhizal
plants, which were not different from control plants.
The percentage of mycorrhizal colonisation was
between 40% and 50% in both M treatments,
inoculated or not with A. mellea at the first sampling
date (July 2005). The symbiosis was well established
(70–75%) from August 2005 onwards, 5 months after
AMF inoculation, and no significant differences were
found between treatments (Table 4).
Free polyamines
Root and leaf polyamine concentration differed
according to treatment and stage of development. In
Table 2 Pathogenic symptoms in Richter 110 vines measured in July and October of the second growing season (2006) and relative
chlorophyll content in July 2006
Treatment Collar root necrosis
(% of plants)
Root necrosis
(% of plants)
Dead plants (%) Relative chlorophyll contenta
July October July October July October July
Control 0 0 0 0 0 0 27.1 a
G. intraradices 0 0 0 0 0 0 26.3 a
A. mellea 68 56 43 56 8 15 23.7 b
G. intraradices + A. mellea 31 42 23 42 0 0 25.6 ab
a Different letters indicate significant differences (p=0.05) according to Duncan’s test
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roots, the most abundant PAs were putrescine and
spermidine. Trace amounts of diaminopropane were
also detected. In July 2005, 4 months after inoculation
with G. intraradices, when the mycorrhizal root
colonisation was under 50%, the total root free PA
content was significantly higher in M plants com-
pared to NM plants (Fig. 1, Table 5). Polyamine
increase in symbiotic roots was mainly due to
putrescine (Fig. 1). However, 1 month later, when
the mycorrhizal colonisation was above 50% there
were no significant differences in total root free PAs
(Fig. 1). At sprouting-time of the second growing year
(March 2006), the mycorrhizal effect was not detected
in total root PA content and a drastic PA decrease was
observed in all treatments (Table 5, Fig. 1).
In leaves, spermine was also detected (Fig. 2).
Polyamine concentration decreased in all treatments at
the end of the growing season, and increased again at
sprouting-time. Significantly higher levels of total leaf
PAs (mainly putrescine) were detected at such
developmental stages in M-pathogen-free plants
(Table 5, Fig. 2).
When A. mellea was present, PA content in M or
NM plants varied along time. Pathogen-infected
plants not associated to AMF showed a significant
decrease in leaf PA levels from the third week after
inoculation until the sprouting time (Table 5). In
contrast, total PA content in leaves of M-pathogen-
infected plants was higher compared to NM plants
and reached the control values. Nevertheless, al-
though at the end of the growing season M-A. mellea
plants presented slightly higher PA levels, the differ-
ences were not significant. These variations were
especially due to both putrescine and spermidine
(Fig. 2).
Discussion
The ability of AM to enhance grapevine growth has
been described by several authors (Bavaresco and
Fogher 1996; Camprubí et al. 2008; Karagiannidis et
al. 1995; Waschkies et al. 1994), and accordingly, in
the present work a positive effect of AMF on root
and shoot biomass of vine plants was observed.
Moreover, a good growth response to the inoculation
with G. intraradices BEG 72 was recorded in R-110
(Camprubí et al. 2008). Although the pathogen
produced a growth decrease in our R-110 vine plants
inoculated with A. mellea, a positive effect of the
AMF on their growth was observed. Our results
confirm the findings of previous research showing
the susceptibility of the rootstock R-110 to A. mellea
Table 4 Mycorrhizal colonisation in plants inoculated with G.
intraradices during the first and the second growing year
Sampling dates Mycorrhizal colonisation (%)
G. intraradices G. intraradices + A. mellea
July 2005 47±4.5 40±13.8
August 2005 75±3.9 65±8.7
September 2005 62±3.3 57±5.9
March 2006 70±5.0 76±0.8
October 2006 78±3.4 76±5.2
Data are means±SE of three samples from different plants
Table 3 Biomass production (shoot and root dry weights) at the end of the first growing year, and in May, August and October of the
second growing year in mycorrhizal and non mycorrhizal vines inoculated or not with Armillaria mellea
Treatment Shoot dry matter (g) Root dry matter (g)
September 2005 May 2006 August 2006 October 2006 October 2006
Control 4.47 a 3.86 b 9.05 b 12.77 b 13.78 bc
G. intraradices 3.97 a 4.93 a 11.57 a 15.90 a 19.01 a
A. mellea 4.07 a 3.70 b 6.04 c 8.88 c 11.85 c
G. intraradices + A. mellea 4.43 a 4.54 a 8.69 b 11.81 b 15.16 b
Factor
Mycorrhiza ns * * * *
Pathogen ns ns * * *
Interaction ns ns ns ns ns
Different letters in columns indicate significant differences (p=0.05) according to Duncan’s test. Mycorrhizal effect, pathogenic effect
and the interaction between both factors were determined by a two way ANOVA. “*” and “ns” indicate significance (p=0.05)
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(Baumgartner and Rizzo 2006), and the increased
tolerance due to the artificial mycorrhizal inoculation
(Aguín-Casal et al. 2006).
Recorded data related to root disease, such as
percentage of root infection and percentage of plant
mortality of infected plants, are difficult to apply to
Armillaria root disease, as mycelial fans grow
beneath the bark of woody roots, making it difficult
to quantify signs of A. mellea and infection extent. It
has been demonstrated that grapevines with obvious
foliar symptoms of Armillaria root disease (dwarfed
leaves, wilting, and premature defoliation) produce
lower yield and plant growth decreases when
compared with healthy grapevines (Raabe 1988;
Baumgartner 2004). It has been proposed
(Baumgartner 2004) that alleviation of pathogen
impact on plant yield and growth could be used as
a measure of the efficacy of control methods of
Armillaria root disease. The improved growth in M
plants inoculated with the pathogen could be due to a
better compensation for the damage caused by the
pathogen (Aguin-Casal et al. 2006; Pozo et al. 2002)
or to changes in mycorrhizal root architecture that
may provide fewer sites for infection (Fusconi et al.
1999; Norman et al. 1996). At the end of the second
growing year, although the pathogen caused a
decrease in aerial and root biomass, plants associated
to AMF grew significantly better indicating that
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AMF inoculation alleviated disease symptoms. This
improvement was confirmed by the survival of
plants and slower appearance of necrotic symptoms
in roots and root collar when mycorrhizal plants
were inoculated with the pathogen.
When the mycorrhizal colonisation percentage was
above 50% the symbiosis was considered to be well
established, although the extent of root colonisation in
grapevines depends on the rootstock and on the
fungal species. It has been observed that the percent-
age of root colonisation achieved with Glomus
mosseae in R-110 rootstock plants was from 57% to
77% 3 years after AMF inoculation (Karagiannidis et
al. 2007), and with G. intraradices it was around 60%
4 months after inoculation (Camprubi et al. 2008).
Therefore, in the first sampling-date (July, 2005), the
symbiosis was not fully established. El Ghachtouli et
al. (1995) suggested that PAs may play a role in AMF
establishment and in initial steps of the infection by
G. intraradices, since they particularly stimulated
infection frequency of the root system in pea plants.
In our case, in July 2005, M plants showed higher
free PA content than NM ones and the increase
detected in root PAs, especially putrescine, might be
related to the AMF establishment. In fact, El
Ghachtouli et al. (1996) observed that the biosynthetic
enzyme of putrescine, ornithine decarboxilase (EC
4.1.1.17), played an important role in root growth and
in AMF development.
When root colonisation was above 50% (August,
2005), PAs did not show a clear pattern following
mycorrhizal symbiosis, neither in roots nor in leaves.
The information available about free PA content in M
plants when the symbiosis is well established is
controversial. Most studies (Goicoechea et al. 1998;
Paradi et al. 2003; Sannazzaro et al. 2007) show
variations in PAs, but they do not clarify the
significance of those changes. Obviously, further
studies should be conducted in order to understand
the meaning of PA variations and to elucidate the role
of free PAs during the development of the mycorrhi-
zal symbiosis.
By contrast, in plants infected by A. mellea a
higher concentration of free PAs (both putrescine and
spermidine) was observed 9 months after the inocu-
lation with the pathogen (October, 2006), when the
Table 5 Effects of mycorrhiza, pathogen and the interaction between both factors in root and leaf free polyamine levels in R-110
vines inoculated or not with Glomus intraradices and infected or not with Armillaria mellea
Polyamine Factor Sampling date
July 2005 August 2005 September 2005 March 2006
Root total PAs Mycorrhiza * ns ns ns
Pathogen ns ns ns *
Interaction ns ns * ns
Root putrescine Mycorrhiza * ns * ns
Pathogen ns ns ns *
Interaction ns ns * *
Root spermidine Mycorrhiza * ns * ns
Pathogen * ns ns *
Interaction * ns ns *
Leaf total PAs Mycorrhiza ns * ns *
Pathogen * * * *
Interaction ns ns ns *
Leaf putrescine Mycorrhiza * ns * *
Pathogen * * * *
Interaction * ns * *
Leaf spermidine Mycorrhiza ns * ns *
Pathogen * * ns *
Interaction ns ns ns *
Leaf spermine Mycorrhiza ns ns * *
Pathogen * ns * *
Interaction * * * *
“*” and “ns” indicate significance at 0.05 probability levels, or not significant, respectively, according to Duncan’s test
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symptoms of the disease were already quite advanced.
Pathogenic infections induce important modifications
in plant PAs (Darrieumerlou et al. 2001; Paschaladis
et al. 2001; Rifai et al. 2005), that vary depending on
several factors such as the nature of analyzed plant
tissues, that can be locally infected or not by the
pathogen, and the degree of plant tolerance to the
disease.
It is probable that the increase in PA levels observed
in grapevine roots infected by A. mellea could have a
fungal origin. The presence of fungal free PAs has
been reported in several pathosystems (Darrieumerlou
et al. 2001; Foster and Walters 1990; Koussa et al.
1997; Rajam and Rajam 1996). As low PA levels are a
characteristic of senescent tissues with low cellular
division activity (Torrigiani et al. 1989), and in
grapevine plants infected with A. mellea necrotic
tissues were observed, the unexpected increase of PA
concentration should be caused by the pathogen.
On the other hand, in leaves of A. mellea-infected
plants a decrease in Put and Spd was observed since
the third week after the pathogen’s inoculation.
Probably, fungal PAs would not be transported out
of the infected organ (Rifai et al. 2005), so all the
fluctuations observed in grapevine leaves would be a
plant response to the root pathogen.
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Several authors (Belles et al. 1991; Edreva 1997;
Rifai et al. 2004) also observed a lower concentration
of free PAs as a consequence of pathogenic infections.
It has been suggested that PAs decrease in these
interactions is a non-specific response to tissue
damage or to a senescent status of leaves (Edreva
1997; Rifai et al. 2004), as low PA levels are often
characteristic of tissues where metabolism has slowed
down (Galston and Kaur-Sawhney 1990).
It is not clear if the changes in polyamine
metabolism are the primary response to the stress or
if they are caused indirectly via the effects of the
stress on other physiological processes through signal
transduction (Minocha et al. 1997), or if they may be
implicated in signalization of plant pathogen inter-
actions (Martin-Tanguy 1987; Whipps et al. 1982).
The drastic PA decrease observed in leaves three
weeks after inoculation with the pathogen, even
before any external symptom was apparent, indicates
that plant metabolism was altered very early because
of the infection. This suggests that PAs could be
involved in the signalling of pathogenic events.
Minocha et al. (1997) already demonstrated that
changes in polyamine levels in response to stress
could possibly be used as an early warning tool for
assessing and predicting tree health before the
appearance of visual symptoms.
One month after the decrease in PAs in plants
infected with A. mellea, the leaf PA pattern in M and
NM plants became different depending on the
presence of the pathogen. In M plants infected with
the pathogen a subsequent PA increase was observed
(Table 5, Fig. 2). This reaction may be an early signal
of mycorrhizal plants to initiate defence mechanisms.
It has been observed that PAs are modified in a
different way in resistant and susceptible tobacco
plants to the tobacco mosaic virus (Guo et al. 1999),
and it has also been demonstrated that they are
implicated in the resistance development against
Ascochyta rabiei in chickpea (Angellini et al. 1993).
The slower development of pathogenic symptoms
in M plants and the greater growth of shoot and roots
when compared to the NM plants inoculated with A.
mellea, indicate that M plants are more tolerant to the
pathogen than NM plants. The early changes in PA
levels detected in A. mellea inoculated plants, and the
sudden increase observed in those levels at the
beginning of the infection in M plants suggest that
PAs would be implicated in the early signalling
processes of the tolerance increase of M plants against
the pathogen.
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